Stressing agents such as defoliation, adverse climatic conditions, and pollutant deposition have the potential to alter forest nutrition. Several recent instances of sugar maple (Acer saccharum Marsh.) decline and dieback have been associated with foliar nutrients deficiencies. This study assessed foliar nutrient status and cycling in five sugar maple dominated northern hardwood forests along a Great Lakes pollution-climatic gradient. Concentrations and contents in mid-July foliage and litterfall were determined at each site for N, P, S, Ca, Mg, K, Al, Fe, Mn, B, Zn, and Cu. Where differences existed among sites in foliar nutrient concentrations, they could be predicted primarily from soil properties. Two notable exceptions were foliar S, which was strongly related to SO 4 deposition, and foliar Al, which could be predicted by a combination of soil nutrient cation availability and SO 4 deposition. Nutrient content of mid-July foliage and litterfall increased from northwest to southeast along the gradient for N, S, Mg, Al, Fe, B, and Cu. This was the result of an increase in foliage and litterfall biomass, combined in some cases (S, Al, Fe, and B) with increasing foliar nutrient concentrations. Reproductive effort significantly affected total litter return of all nutrients and 43 to 62% of mid-July foliar N, P, K, and S were conserved through retranslocation prior to litterfall. Sugar maple foliar nutrient concentrations for the five sites revealed no obvious nutrient deficiencies or toxicities, and provide a regional baseline against which the effects of long-term pollutant deposition and other stresses can be assessed in the future.
I NADEQUATE FOLIAR NUTRITION has been associated
with several recent instances of sugar maple decline and dieback. Foliar K and P deficiencies were found in declining stands in the Quebec Appalachians (Bernier and Brazeau, 1988a,b; Pare and Bernier, 1989) . Magnesium deficiency existed in sugar maple experiencing severe dieback in the Lower Laurentians of southeastern Quebec (Bernier and Brazeau, 1988c) . Natural stresses including insect defoliation and adverse climatic conditions appear to be the primary causes of these deficiencies, but acidic deposition has been suggested as a contributing factor (Bernier et al., 1989) . Potential mechanisms through which chronic acidic deposition might alter forest nutrient status include: (i) elevated leaching of cations from foliage (Tukey, 1980; Liechty et al., 1993) ; (ii) long-term soil cation depletion (Johnson et al., 1985; Johnson and Taylor, 1989; MacDonald et al., 1992) ; and (iii) mobilization of soil Al (Ulrich et al., 1980; Johnson and Taylor, 1989; Foster, 1989) leading to Al toxicity or impaired uptake of Mg and Ca (Thornton et al., 1986; Dewald et al., 1990) .
The foliar nutrient status of northern hardwood stands has been documented for certain areas of the northeastern USA and southeastern Canada (Likens and Bormann, 1970; Gosz et al., 1972; Lea et al., 1979a Lea et al., ,b, 1980 Leaf, 1973; McLaughlin et al., 1985; Morrison, 1985 Morrison, , 1990 Bernier and Brazeau, 1988a,b,c) . Detailed information, however, is lacking for the Great Lakes states of the USA. This region experiences a pronounced gradient of pollutant deposition (Schwartz, 1989; MacDonald et al., 1991) , and evidence suggests that deposition is influencing regional S cycling (Pregitzer et al., 1992; Ohmann and Grigal, 1990) , soil properties (MacDonald et al., 1991 (MacDonald et al., , 1993 David et al., 1988) , soil cation leaching (MacDonald et al., 1992) , foliar cation leaching (Liechty et al., 1993; MacDonald et al., 1993) , and plant tissue chemistry (Bockheim et al., 1989; Ohmann and Grigal, 1990) . Other stresses, such as insect defoliation, unusual climatic conditions, and disease outbreaks, also have the potential to alter nutrient status of the region's northern hardwood forests (Bernier et al., 1989) .
As part of a regional study, this work was undertaken to assess foliar nutrient status and cycling in sugar maple dominated northern hardwood forests of the Great Lakes states. Objectives of the study were to: (i) document current foliar nutrient levels for sugar maple across the region; (ii) compare foliar nutrient concentrations with published values for healthy stands and thresholds for deficiency and toxicity; (iii) determine if sugar maple foliar nutrient status can be predicted from soil, pollutant deposition, and climatic variables; and (iv) calculate nutrient contents in midJuly foliage, litterfall, and retranslocation for northern hardwood forests across the region.
The results of the study provide a regional baseline against which future evaluations of sugar maple nutrient status can be made and should prove useful to current efforts at modeling nutrient and C flow on a regional scale.
METHODS

Study Sites
Five study sites were established along a gradient of increasing pollutant (H, SO 4 , and NO 3 ) deposition extending from northeastern Minnesota to central lower Michigan (Fig. 1) . Site selection procedures (Burton et al., 1991b; Reed et al., 1988) identified stands along the gradient that were similar in terms of age, stand structure, physiography, soil classification, basal area, and species composition (Table 1 ). All sites are secondgrowth northern hardwoods, dominated by sugar maple, on sandy, well-drained Spodosols. The study sites span 4° of latitude and 6° of longitude, thus annual temperature covaries with pollution along the gradient (Table 1) . Three 30 by 30 m measurement plots on which no destructive sampling was allowed were established at each site. 1620 SOIL SCI. SOC. AM. J., VOL. 57, NOVEMBER-DECEMBER 1993 SO * -S kg ha ' yr (Aerochem Metrics, Bushnell, FL) and recording rain gauges (Belfort Instrument Co., Baltimore, MD) positioned in canopy openings near each site. Annual dry deposition fluxes were estimated by multiplying mean annual ambient concentrations for gases and particulates by published deposition velocities. Wet and dry deposition estimates for the sites were consistent with those made by others for the region and confirmed the existence of pronounced increases in pollutant deposition along the gradient (MacDonald et al., 1992) . From Site 1 to Site 5, annual wet plus dry deposition increased from 0.15 to 0.68 kg ha-1 for H, from 4.10 to 9.71 kg ha-' for SO 4 -S, and from 2.82 to 7.63 kg ha-1 for NO 3 -N. Annual wet plus dry deposition of (NO 3 + NH 4 )-N increased from 5.64 kg ha-1 at Site 1 to 11.84 kg ha-1 at Site 5. Regional trends did not exist for the deposition of Ca, Mg, or K. Additional details on wet deposition monitoring and dry deposition estimation can be found in MacDonald et al. (1992) .
Soil Characteristics
Soils at each site were sampled by horizon from three soil pits, one associated with each measurement plot, but located at least 5 m beyond the plot boundary (MacDonald et al., 1991) . The forest floor was sampled in two layers (Oi and Oe + Oa) at five locations around each plot using 30.5 by 30.5 cm steel frame. Mineral soils and Oe + Oa material were analyzed for total N, total S, KCl-exchangeable Al, and NH 4 C1-exchangeable Ca, Mg, and K using standard methods as outlined by MacDonald et al. (1991) . Total P of organic and mineral horizons was determined by automated colorimetry following H 2 SO 4 digestion (Technicon Industrial Systems, 1977) . Soils at the sites have similar classifications (Table 1) , but significant differences in nutrient contents exist both among and within sites (Table 2) .
Foliage and Litter Fall Sampling
Litterfall was collected at eight random locations on each plot (24 per site) using 0.5-m 2 wooden litter traps (Pregitzer et al., 1992) . Litter collections were made from September through November in 1987 and during the entire year from 1988 through 1990. Traps were emptied weekly during the period of heavy litterfall in late September and early October, and monthly during snow-free periods of the remainder of the calendar year. Litter from one-half of each trap was sorted into foliage (by species), woody material, and reproductive parts. Sorted samples were composited for nutrient analyses by trap for sugar maple leaf litter and by plot for other litter components.
Live foliage samples were collected during mid-July of 1988, 1989, and 1990 from trees surrounding the measurement plots, but no closer than 10 m from plot borders. Mid-July was chosen for live foliage sampling as it is shortly after the period of most active shoot growth in these stands, a time when reserves of mobile elements are most likely to be depleted (Erdmann, et al., 1988) . Others have recommended sampling northern hardwood foliage in August, which is generally considered to be the time of greatest elemental stability (Lea et al., 1979a;  Morrison, 1985) . Our results should be comparable to studies using August foliage sampling for most elements, as sugar maple foliar concentrations for N, P, K, Mg, Zn, and Al are relatively stable during July and August (Mitchell, 1936; Leaf, 1973; Lea et al., 1979a,b; Morrison, 1985) . Concentrations of other elements in sugar maple foliage have been shown to increase (Ca, Fe, and Mn) or decrease (Cu) by approximately 15 to 20% (Leaf, 1973; Lea et al., 1979a,b) between July and August.
In 1988, trees were felled for detailed foliage sampling of sugar maple and the next most common species at each site, with minor species sampled using shotguns and pole pruners. Less intensive foliage sampling for all species was conducted in mid-July of 1989 and 1990 using shotguns and pole pruners. The diameters of sample trees encompassed the ranges existing at the sites. Samples were taken from the lower, middle, and upper portions of the canopy in 1988 and 1989. In 1990, labor constraints necessitated the restriction of sampling to the lower and middle crown as suggested by Morrison (1985) . Upper crown concentrations in sugar maple are slightly lower than those found in the middle and lower crowns for Ca, K, Mg, Fe, and Zn (Morrison, 1985) . Concentrations for these elements in 1990 were adjusted to compensate for this effect using relationships between canopy zones in 1988 and 1989. The adjustments had only a minor effect on 3-yr mean concentrations, reducing them by <3% in all cases. All mid-July foliage samples were stored at 4 °C until they could be returned to the laboratory for analysis.
The sampling procedures produced 24 sugar maple foliage samples per site in 1988 , nine in 1989 , and six in 1990 . Samples from 1989 and 1990 were composites from at least four trees. A minimum of three composite samples from at least four trees was collected at each site for all non-sugar-maple species in 1988 and 1989. One-third of mid-July foliage samples from each site were taken from as close as possible to each plot, and all mid-July foliage samples contained 50 to 100 leaves. Additional details on foliage sampling can be found in Burton et al. (1991a) .
Litterfall and July foliage samples were dried (70 °C for 48 h), ground to pass a 0.85-mm screen, and analyzed for N, P, S, Ca, Mg, K, Al, Fe, Mn, Zn, B, and Cu. Total Kjeldahl N and total P were determined colorimetrically following H 2 SO 4 digestion (Technicon Industrial Systems, 1977) . Calcium, Mg, K, Al, Fe, Mn, Zn, B, and Cu were determined by DC-Ar plasma atomic emission spectrometry following HNO 3 -HC1O 4 digestion. Total S was determined by automated turbidimetry following HNO 3 -HC1O 4 digestion (Wall et al., 1980) . Mean recovery rates for nutrient analyses of National Institute of Standards and Technology standard reference materials (pine needles and citrus leaves) were: 98% for N and P, 95% for S, 101% for Ca, 100% for Mg, 96% for K, 98% for Al, 101% for Fe, 93% for Mn, 112% for Zn, and 94% for Cu. Petioles were included in both mid-July foliage and leaf litter samples. Litterfall nutrient contents were calculated as the product of litter weights and nutrient concentrations for each litter component. Mid-July foliar nutrient contents were calculated as the product of summer foliage biomass and mid-July nutrient concentration for each species. Nutrient concentrations used for non-sugar-maple foliage in 1990 were individual species averages for 1988 and 1989. Mid-July foliage biomass was estimated by adjusting leaf litter weight for biomass lost between mid-July and leaf fall due to retranslocation of carbohydrates and nutrients. This was accomplished by multiplying leaf litter biomass by 1.14, the average ratio of leaf litter SLA to mid-July SLA for the five sites in 1988 (Burton et al., 1991a , Pregitzer et al., 1992 . Our values of 1.14 is within the range reported for the ratio of leaf weights in mid-July and mid-October for sugar maple foliage (1.15, Morrison, 1991; 1.07 for shade leaves and 1.35 for sun leaves, Jurik, 1986; and 1.04 for midcrown foliage, Lea et al., 1979a) . Foliage sampling in 1989 and 1990 was not detailed enough to allow SLA ratios to be estimated for individual years.
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Retranslocation estimates for Ca, Mg, K, and P were calculated as mid-July foliar nutrient content minus leaf litter nutrient content minus NFW occurring between mid-July and litterfall. Net forest water accounts for foliar nutrient leaching (or uptake) and was calculated as the difference between throughfall and wet deposition nutrient fluxes using the data of Liechty et al. (1993) .
Statistical Analysis
Nutrient concentrations and contents in mid-July foliage and litterfall were compared among sites using analysis of variance. Our primary goal was to examine the sites for nutrient status and regional trends expressed over multiple years of record. Therefore, plot means averaged across all years of record were used to compare sites. Analysis of variance were performed on untransformed data unless transformation improved homogeneity of variance. Mean separation was performed using Tukey's Honestly Significant Difference test. Relationships between foliar nutrient concentrations and soil, deposition, and climatic variables were examined using correlation and regression analyses. Data for individual plots were used in these analyses (n = 15). Predictor variables selected in multiple regressions were independent, and all predictors were significant at P < 0.10.
The gradient approach used in this study does not involve the application of specific pollutant levels to homogeneous experimental units. Differences exist among sites in soil characteristics, and annual temperature covaries with pollutant deposition. The presence of parallel gradients is a complicating factor, but reflects real-world conditions, not an artifact of study design. A similar approach has been used in surveys of pollutant impacts in the Great Lakes region by David et al. (1988) , Grigal and Ohmann (1989), and Bockheim et al. (1989) . The regression approach that we used was designed to statistically account for the effects of soil properties on foliar nutrients and then determine if remaining variation is related to pollutant deposition in a way that is consistent with the hypothesized effects of acidic deposition.
RESULTS AND DISCUSSION
Foliar Nitrogen, Phosphorus, and Sulfur Concentrations
Foliar N concentrations for sugar maple leaf litter and mid-July foliage were near the midpoints of ranges reported in the literature (Table 3) . Litterfall foliar S values were also within the range reported in the literature, but mid-July foliar S concentrations were lower than those reported by Morrison (1985) for Turkey Lakes Watershed in northern Ontario (Table 3) . This may be a consequence of an annual wet plus dry S deposition rate at Turkey Lakes of 11.6 kg ha -1 during their study (Simis and Vet, 1988) , which exceeds the deposition levels for our five sites. Mid-July foliar S concentrations at our sites were well above the 0.7 g kg" 1 reported by Erdmann et al. (1979) for the foliage of S-deficient sugar maple seedlings.
A detailed analysis of S and N cycling at the five gradient sites was presented by Pregitzer et al. (1992) . They found a clear increase from northwest to southeast in foliar S concentrations and S/N molar ratios that was strongly related to SO 4 deposition. Foliar S concentra- tions were not correlated with soil S, but soil S content did explain residual variability in foliar S not accounted for by S0 4 deposition (Table 4) . Annual temperature covaries with SO 4 deposition along the gradient and thus also is positively correlated with foliar S concentration. Warmer temperatures conceivably could increase S availability by increasing mineralization rates. Sulfur and N mineralization are tightly linked, however, and annual N mineralization rate does not increase from Site 1 to Site 5 along the gradient (Ouyang, 1990) . In fact, N mineralization is several times greater at Site 1, presumably a consequence of the large soil organic matter and N pools at the site (Table 2, MacDonald et al., 1991) . Given the lack of an increase in mineralization rate from Site 1 to Site 5, it is unlikely that the increase from north to south in foliar S concentrations and S/N ratios is a consequence of increasing annual temperature. Annual temperature also cannot explain the high sugar maple foliar S concentrations reported by Morrison (1985) for nearby Turkey Lakes Watershed, which received a higher annual rate of total S deposition than the five gradient sites (Sirois and Vet, 1988) but has lower mean annual temperature (Foster et al., 1992) .
Phosphorus concentrations in sugar maple foliage (Table 3) showed no regional trends that might be related to acidic deposition or climate. Total P contents in the soil Oe + Oa and B horizons were positively correlated (P < 0.01) with sugar maple foliar P concentrations in mid-July but not in litterfall. Mid-July foliar P was within the range reported in the literature (Table 3 ) and exceeded the critical P concentration of 1.1 g kg" 1 suggested by Bernier and Brazeau (1988a) for July sugar maple foliage. Foliar P concentrations at Sites 3 and 5, however, approach this threshold. Leaf litter P concentrations greatly exceeded those measured by Bernier and Brazeau (1988a) in leaf fall from individual P-deficient sugar maple trees (<0.2 g kg-1 ), but at Sites 1, 2, 3, and 5 approached the range of 0.3 to 0.5 g kg-1 measured in freshly fallen leaf litter at five P-deficient sites in Quebec (Bernier and Brazeau, 1988c) . Although P concentrations at several of the sites approached those reported by others for P-deficient locations, no visible evidence of P deficiency was noted from 1988 through 1991 during mid-July health assessment of all individual trees on the measurement plots (J.A. Witter, 1992, personal communication).
Calcium, Magnesium, and Potassium Concentrations
Concentrations of Ca, Mg, and K in sugar maple foliage were within the ranges commonly reported in the literature for both mid-July and litterfall (Table 3) , suggesting these nutrients were in adequate supply. Foliar K concentrations were greater than those reported by Bernier and Brazeau (1988a,b) for K-deficient sugar maple foliage in July (<5.5 g kg" 1 ) and in fresh leaf litter (1.0 g kg" 1 ). Mid-July foliar Mg at all sites was well in excess of the 0.60 g kg-1 reported by Bernier and Brazeau (1988c) in Mg-deficient sugar maple in southeastern Quebec.
Foliar K concentrations decreased from northwest to southeast along the gradient (Table 3 ) and were correlated with annual temperature and deposition of H, SO 4 , and NO 3 in both mid-July foliage (P < 0.01) and litterfall (P < 0.05). Significant correlations (P < 0.01) also existed, however, between foliar K concentrations and exchangeable K in the Oe + Oa and soil B horizons. Regression analysis indicates that the best predictors of sugar maple foliar K in mid-July and leaf litter are exchangeable K contents in soil horizons (Table 4) .
There were no regional trends in foliar Ca or Mg concentrations that could be related to pollutant deposition or climate. Calcium concentrations tended to be greatest at Sites 3 and 1, which have the highest reserves of soil exchangeable Ca (Table 2) . Calcium concentrations in sugar maple leaf litter were correlated with exchangeable Ca in the Oe + Oa horizon (P < 0.05) and the sum of exchangeable Ca in the Oe + Oa and A + E horizons (P < 0.05). Magnesium concentrations were not significantly different among sites (Table 3 ) and were not correlated with soil exchangeable Mg. Liechty et al. (1993) compared throughfall and incident precipitation at the five sites and reported increased leaching of foliar Ca and Mg at the higher deposition sites (3, 4, and 5). This increase in foliar leaching, however, does not appear to have significantly impacted foliar Ca and Mg concentrations.
Although acidic deposition does not appear to have affected current foliar nutrient cation concentrations, its influence on soil cation leaching could potentially lead to long-term problems. MacDonald et al. (1992) documented increased leaching of soil Ca and Mg at the higher deposition sites, and noted that Ca leaching losses exceeded maximum estimated weathering rates at Sites 3, 4, and 5. Sites 4 and 5 have relatively low nutrient cation reserves and thus may be susceptible to long-term effects of acidic deposition on nutrient cation availability. Foliar concentrations presented in Table 3 provide a reference 1624 SOIL SCI. SOC. AM. J., VOL. 57, NOVEMBER-DECEMBER 1993 against which such possibilities can be assessed in the future.
Foliar Aluminum Concentrations
Sugar maple foliar Al concentrations were lowest at Site 1 and highest at Site 5 for both mid-July foliage and leaf litter (Table 3) . Sugar maple foliar Al in both midJuly and leaf litter was positively correlated with total (wet plus dry) deposition of H and SO 4 and with mean annual temperature (P < 0.05), but was negatively and more strongly correlated with indices of soil exchangeable nutrient cations including: Ca, Mg, K, and the sum of these nutrient cations in the Oe + Oa horizon (P < 0.01); nutrient cation saturation in the A horizon (P < 0.01); and Ca, K, and the sum of nutrient cations in the soil B horizon (P < 0.05). Foliar Al concentrations were not correlated with soil exchangeable Al, but were weakly correlated (P < 0.10) with exchangeable Al percentage (ratio of exchangeable Al to the sum of exchangeable Ca, Mg, K, and Al, based on mol c ha" 1 ) in both the A + E and B horizons.
Regression analysis suggests that observed foliar Al concentrations can be predicted by the combination of soil nutrient cation status and SO 4 deposition (Table 4) . Sites 1 and 3, which have the highest exchangeable nutrient cation reserves (Table 2) , had the lowest foliar Al concentrations. Of these two sites, Site 3, which receives a higher pollutant input, had slightly higher Al concentrations. Sites 2, 4, and 5 have lower nutrient cation reserves than Sites 1 and 3, and had higher levels of foliar Al. Site 5, which receives the greatest total pollutant deposition, had the highest foliar Al of these three sites. Chronic acidic inputs may have contributed to the low nutrient cations levels observed at Sites 4 and 5, but inherent soil properties (e.g., low clay content) appear to be the primary cause (MacDonald et al., 1991 (MacDonald et al., , 1992 . Pollutant deposition can also affect Al availability by altering soil solution ionic strength (Reuss, 1983; Johnson and Taylor, 1989) . Cation-exchange principles dictate that, as solution ionic strength increases, trivalent cations such as A1 3+ increase in activity to the 3/2 power of divalent cations and to the third power of monovalent cations (Binkley et al., 1989; Reuss, 1983) . This effect can occur without major changes in soil pH. Calcium saturation at Sites 2, 4, and 5 is within the range felt to be susceptible to such effects (Reuss, 1983), and MacDonald et al. (1992) have noted that the ionic strength of soil solutions at 15 cm increases from Site 1 to Site 5, evidently a consequence of acidic deposition. This increase in soil solution ionic strength should result in an increase in solution A1
3+ across the gradient, and foliar Al in sugar maple seedlings has been shown to be positively correlated with solution monomeric Al in laboratory experiments (Thornton et al., 1986) . Thus the positive relationship between acidic deposition and foliar Al along the gradient is consistent with the hypothesized effects of acidic deposition on soil solution Al.
When SO 4 deposition is replaced by mean annual temperature in the regressions for predicting foliar Al, predictive ability is essentially unchanged. Temperature could influence Al availability by impacting rates of soil chemical and biological processes, but measured soil variables probably account for variation in foliar Al related to both inherent soil properties and soil properties under climatic control. If this is the case, variability in foliar Al unexplained by soil variables would be attributable to SO 4 deposition rather than temperature effects.
Mid-July foliar Al at Site 5 exceeded the range of values observed in the literature (Table 3) . Highest Al concentrations at Site 5 were observed in 1988 when the site mean was 75 mg kg" 1 and concentrations in individual samples exceeded 90 mg kg" 1 . Still, these concentrations do not appear to be cause for immediate concern as they are well below the foliar toxicity thresholds established by Thornton et al. (1986) for a 20% biomass reduction in sugar maple seedlings (137 mg kg" 1 for newly expanded leaves and 338 mg kg" 1 for older foliage). Symptoms of Al toxicity can include induced P deficiency in plant tops (Foy and Brown, 1964) . High Al concentration and low P concentration at Site 5 are consistent with such a relationship and may indicate that the site is susceptible to Al-induced P deficiency if continually exposed to elevated acidic inputs.
As stated above, MacDonald et al. (1992) have measured increased leaching of soil Ca as deposition increases, which exceeds maximum estimated weathering rates at Sites 3, 4, and 5. Long-term acidic deposition at Sites 4 and 5, which have relatively low nutrient cation reserves, potentially could further deplete available Ca, increasing the ratio of exchangeable Al to exchangeable Ca. This conceivably could lead to higher solution Al concentrations, increased foliar Al levels, and possibly impaired Ca and Mg uptake (Thornton et al., 1986) . Sites 1 and 3 have high soil nutrient cation reserves, and appear well buffered against the possible deleterious effects of long-term acidic deposition.
Boron, Copper, Iron, Manganese, and Zinc Concentrations
Mid-July foliar concentrations of B, Cu, Fe, Mn, and Zn were within the ranges reported in the literature for sugar maple foliage (Table 3) . Boron concentrations are above the levels measured by Bernier and Brazeau (1988d) in B-deficient sugar maple regeneration (7-13 mg kg" 1 ) and mid-July overstory leaves (23 mg kg" 1 ). Specific threshold concentrations for deficiency and toxicity of Cu, Fe, Mn, and Zn in sugar maple foliage have not been determined, but the values measured at the five sites are above the critical values reported for foliage of trees and other plants (Leaf, 1973; Jones, 1972; Stone, 1968; Marschner, 1986; Chapman, 1966) . Leaf litter concentrations of Zn, Fe, and Cu at some sites were below the range reported for sugar maple in the literature, but this is probably a consequence of the limited number of values reported for these elements. No geographic trends were apparent for sugar maple foliar Zn, Cu, and Mn concentrations in mid-July and litterfall or for B and Fe in mid-July (Table 3) . Boron and Fe concentrations tended to increase from northwest to southeast in leaf litter. Foliar B concentrations were positively correlated with deposition of H, SO 4 , and NO 3 in both mid-July (P < 0.02) and litterfall (P < 0.01), although a mechanism through which deposition might increase foliar B concentrations is not apparent.
As was the case for Al, sugar maple foliar Fe and Mn concentrations were negatively influenced by availability of nutrient cations in soil horizons. Mid-July foliar Mn and Fe were positively correlated (P < 0.02) with foliar Al, and were negatively correlated (P < 0.03) with exchangeable Ca in the Oe + Oa and A + E horizons and the sum of exchangeable Ca, Mg, and K in the Oe + Oa and A + E horizons. Mid-July foliar Mn concentrations were also positively correlated (P < 0.01) with nutrient cation saturation in the A horizon and negatively correlated (P < 0.01) with foliar Ca. Foliar Mn and Fe were not correlated with either pollutant deposition or annual temperature.
Nutrient Contents in Foliage and Litter
Nutrient contents in mid-July foliage and litterfall were influenced by both concentration and biomass. Foliar and litterfall biomass increase along the gradient from Site 1 to Site 5 (Table 1) . This increase in biomass interacts with foliar nutrient concentrations to produce four general patterns of foliar nutrient content from northwest (Site 1) to southeast (Site 5) along the gradient (Table  5) : (i) relatively constant concentration with foliar contents increasing as a result of increasing foliar biomass (N, Mg, and Cu); (ii) increasing concentration with increasing biomass to produce an enhanced increase in foliar nutrient content (S, Al, Fe, and B); (iii) decreasing concentration counteracting the biomass increase to produce relatively constant foliar nutrient contents (K and Zn); and (iv) differences in nutrient concentration great enough to mask the effect of differences in biomass, resulting in foliar nutrient contents that reflect foliar nu- trient concentrations (P, Ca, and Mn). Nutrient contents in total litterfall follow the same patterns as leaf litter and mid-July foliage.
The increasing trend from Site 1 to Site 5 in foliar and litter biomass may be the result of increasing temperature and length of growing season, but also is consistent with the hypothesized effects of chronic N deposition (Pregitzer et al., 1992) . Regardless of the cause, the trend is real and its effects should be addressed in attempts at modeling regional nutrient cycling and the effects of global change.
The rates for total litter return of N, S, P, Mg, K, Fe, Mn, and Cu for the five sites were within the range reported in the literature for other sugar maple forests (Morrison, 1985; Gosz et al., 1972) . Return of Zn was lower than previously reported for sugar maple forests, while Ca return in litter at Sites 3 and 5 was higher than previously reported.
Reproductive parts and woody tissue contributed significantly to total nutrient return through litterfall, but the proportions varied greatly among nutrients. Averaged across all sites and years, reproductive parts accounted for large proportions of total litter content of P, N, K, Cu, and S (40, 31, 25, 24 , and 22%, respectively); 14 to 17% of total litterfall Al, Fe, Mg, and Zn; and 10 to 11% of litter Ca, Mn, and B. Woody litterfall contributed 5 to 6% of total litterfall N, S, P, Mg, K, Mn, and B; and 10 to 12% of total litter return of Ca, Al, Fe, Zn, and Cu.
Nutrient return in reproductive litter varied greatly from year to year. For example, at Site 1 reproductive parts contributed 57% of litter N in 1989, but only 11% in 1990. Such variation could have significant impacts on stand-level nutrient requirements and productivity. Pregitzer and Burton (1991) noted that reproductive and foliar litter masses were negatively correlated for these sites, suggesting a direct trade-off between leaf biomass and reproductive biomass. Clearly, efforts at modeling the impacts of climate change and other stresses on northern hardwood ecosystems must account for the effects of reproductive effort. To do this, year-to-year variation in seed and flower production and the influence of stressing agents on reproductive effort will need to be assessed.
Retranslocation
Retranslocation, as defined here, primarily reflects net differences between foliar nutrient contents in mid-July and leaf litter. Calcium accumulated in foliage throughout the growing season at all sites, resulting in apparent negative values for retranslocation (Table 6 ). Such increases in foliar Ca during the growing season are commonly reported for sugar maple (Ryan and Bormann, 1982; Lea et al., 1979a; Mitchell, 1936) . Calcium is relatively immobile in plants and accumulates due to its continual movement into foliage with the transpiration stream (Kramer and Kozlowski, 1979) . Negative retranslocation for Ca reflects a net increase in foliar Ca between mid-July and leaf fall, but does not preclude the possibility that some Ca may be withdrawn prior to senescence.
Averaged across all sites, retranslocation of Mg, K, and P represented 15, 45, and 60% of mid-July foliar contents (Table 6 ). This compares with 62 and 43% retranslocation of N and S at the sites (Pregitzer et al., 1992) . There were no regional trends in the proportions of Mg, K, and P retranslocated. Pregitzer et al. (1992) came to a similar conclusion regarding N retranslocation at these sites but found that a decreasing proportion of foliar S was retranslocated as S deposition increased. They concluded that increasing SO 4 -S deposition resulted in a greater accumulation of excess foliar S, which was not retranslocated.
Two notable exceptions to the general levels of retranslocation (P at Site 4 and Mg at Site 3) appear to be related to differences in nutrient availability among sites. Higher P availability at Site 4, as evidenced by elevated foliar P concentrations (Table 3) , probably caused the relatively low conservation of P at the site. Calcareous C horizons high in CaCo 3 and MgCO 3 at Site 3 result in soil solution Mg concentrations at 75 cm that are three to five times greater than at the other four sites (MacDonald et al., 1992) . This could produce the observed net accumulation of foliar Mg from mid-July to litterfall at Site 3.
Estimates of P and Mg retranslocation for the five sites are in general agreement with reported values for northern hardwood stands of 64% P and 32% Mg by Morrison (1991) and 61% P and 4% Mg by Ryan and Bormann (1982) . Our estimate of 45% K retranslocation is much higher than the 11% calculated by Ryan and Bormann (1982) but much lower than the 83% estimated by Mor-rison (1991) . It should be noted that Morrison's estimate does not account for foliar leaching of K during the growing season, and therefore may overestimate K retranslocation.
Our retranslocation estimates do not take into account dry deposition or stemflow. The amounts of Ca and Mg in dry deposition for these sites and stemflow for northern hardwood stands (Shepard et al., 1989) are similar in magnitude, have opposite effects on calculated foliar leaching, and are small compared with site throughfall fluxes (<20%) and foliar nutrient contents (<8%). Therefore their effects on estimated foliar leaching and retranslocation of Ca and Mg were felt to be minor. Stemflow K, however, can represent a significant flux, up to 75% of that in wet deposition (Shepard et al., 1989) . This could result in errors of up to 4 kg ha" 1 in our estimates of foliar K leaching, reducing the average amount of K retranslocated from 45 to 33%.
Apparent retranslocation for Al, B, Cu, Fe, Mn, and Zn can be estimated from the difference in mid-July and leaf litter contents in Table 5 . These estimates suggest that: (i) Al and Fe accumulate throughout the growing season, with the greatest accumulations occurring at Site 5; (ii) little (< 10%) or no retranslocation occurs for Mn, Zn, and Cu; and (iii) about 15% of foliar B is retranslocated. These values may over-or underestimate actual retranslocation, depending on the effects of foliar leaching and canopy uptake.
CONCLUSIONS
Examination of foliar nutrient concentrations revealed no obvious nutrient deficiencies or toxicities at the five sites studied. Where differences existed among sites in nutrient concentrations, they could be predicted primarily from soil properties. Exceptions to this were foliar S, which was strongly related to SO 4 deposition, and foliar Al, which could be predicted by the combination of soil nutrient cation availability and SO 4 deposition. The increase in foliar Al at higher deposition sites is consistent with the hypothesized effects of acidic deposition on soil solution Al. Annual temperature covaries with S0 4 deposition along the gradient and could influence Al availability by impacting soil processes, but measured soil variables should account for such effects.
An increasing trend from northwest to southeast existed for mid-July foliage and litterfall contents of N, S, Mg, Al, Fe, B, and Cu. This was the result of an increase in the biomass of foliage and litterfall, combined in some cases (S, Al, Fe, and B) with increasing foliar nutrient concentrations. The trend should be accounted for when modeling regional nutrient cycling and the effects of global change on forest ecosystems. Reproductive effort and retranslocation also can significantly impact nutrient cycling in the region's northern hardwood forests, and should be considered in modeling efforts.
Northern hardwood forests at the five study sites currently appear healthy, exhibiting no signs of dieback, decline, or foliar nutrient deficiencies (J.A. Witter, 1992, personal communication) . These forests and others in the Great Lakes region face a variety of stressing agents (e.g., chronic acidic deposition, climatic fluctuation, insect and disease outbreaks, and nutrient losses following harvest), all of which have the potential to alter forest health and nutrition. The results of this study provide a valuable baseline against which the nutritional status of the region's northern hardwood forests can be assessed in the future.
